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How chaperonins orchestrate the successful folding of even the most elaborate of proteins is a
question of central importance. In two recent studies in Cell by Joachimiak et al. and Freund
et al., a new class of TRiC substrate is identified, and how the chaperonin exploits its different sub-
units to extend its substrate repertoire and direct productive folding is revealed.For proper functioning, newly synthesized
proteinsmustbecorrectly folded. This can
be difficult to achieve, especially for large
proteins with complex topologies. Mis-
folded proteins are not only inactive but
canbe toxic, creating a devastating imbal-
ance of protein synthesis and folding that
has been linked to many devastating dis-
eases (Kimet al., 2013).Molecular chaper-
ones interact with unfolded and partially
folded proteins to facilitate folding and
prevent misfolding and aggregation. To
perform these functions, ATP-driven mo-
lecular chaperones, such as Hsp70s,
Hsp90s, and the Hsp60 chaperonins, use
the energy of ATP to control substrate
binding and release and to promote cor-
rect folding (Kim et al., 2013).
Chaperonins are complex allosteric
machines. They consist of two stacked
rings of seven or more identical, or homol-
ogous, subunits that form a barrel-like
structure used to encapsulate the folding
substrate protein (Figure 1). The most
well-studied group I chaperonin, bacterial
GroEL, is formed from two rings, each
with seven identical 60 kDa subunits.
This homo-oligomeric chaperonin inter-
acts with its substrate proteins predo-
minantly via hydrophobic interactions
(Figure 1, left). By contrast, the eukaryotic
group II chaperonin, TCP-1 ring complex(TRiC), is a hetero-oligomeric chaperonin,
and it recognizes its substrates via hy-
drophobic, electrostatic, and/or polarmo-
tifs (Dunn et al., 2001; Kalisman et al.,
2013). The increased complexity of the
hetero-oligomeric ring allows TRiC to pro-
mote folding of a very broad range of pro-
tein substrates. Indeed, about 5%–10%
of all newly synthesized proteins require
TRiC to fold (Yam et al., 2008). TRiC has
also been shown to inhibit the aggrega-
tion of huntingtin, interacting with the
tips of polyQ-containing fibrils, as well as
smaller oligomers (Shahmoradian et al.,
2013).
In this issue of Cell, Freund et al. (2014)
report the discovery of a new TRiC sub-
strate—the telomerase protein TCAB1—
which is essential for trafficking of telome-
rase and small Cajal body RNAs required
for telomere maintenance during cell divi-
sion (Venteicher and Artandi, 2009). The
authors performed a genome-wide RNA
fluorescence in situ hybridization (FISH)-
based siRNA screen for genes required
for Cajal bodies’ localization of a key telo-
merase enzyme, the telomerase RNA
component (TERC), and telomerase pro-
tein TCAB1. Surprisingly, in addition to
known telomerase assembly factors, the
authors found that several TRiC subunits
are required for TERC and TCAB1 locali-zation in Cajal bodies. Depletion of TRiC
results in a loss of TCAB1, mislocalization
of telomerase and Cajal body RNAs, and
failure of telomere elongation. TRiC, it
turns out, is essential for TCAB1 folding.
The results explain why mutations in
TCAB1 can lead to severe diseases and
suggest that a larger range of protein sub-
strates than considered hitherto may
require TRiC to fold.
In a second recent study inCell, Joachi-
miak et al. (2014) shed exciting new light
on the structural mechanism of substrate
recognition by TRiC and how TriC is able
to fold its broad range of protein sub-
strates (Yam et al., 2008, Shahmoradian
et al., 2013, Freund et al., 2014). Each
ring of TRiC consists of eight homologous
subunits (CCT1–CCT8) (Figure 1, right-
hand, top), with the majority of the
sequence variations between TRiC’s sub-
units being found in their apical domains
(Dunn et al., 2001). Like its GroEL homo-
log, substrates bind to the apical domains
of TRiC, and it has been suggested previ-
ously that the sequence variations in
these domains are important for substrate
recognition (Dunn et al., 2001; Kalisman
et al., 2013). However, how TRiC binds
its broad repertoire of substrates and
promotes their correct folding remained
elusive.ecember 4, 2014 ª2014 Elsevier Inc. 1251
Figure 1. Substrate Recognition and Binding to Group I and Group II Chaperonins
(Left) Schematic model for substrate interactions with the group I chaperonin GroEL via hydrophobic
motifs, which are identical for all seven subunits in each of its two rings. (Top right) X-ray structure of full-
length hetero-oligomeric TRiC, which has eight different subunits in each of its two rings (PDB: 4D8R);
amino acid types in the substrate-binding sites for individual apical domains are highlighted as colored
spheres: nonpolar residues (yellow), polar (gray), acidic (red), and basic (blue). (Bottom right) Common
rules for substrate binding by TRiC that allow folding of its different substrates: (A) combinatorial multisite
substrate binding and (B) proposed model for how binding to different subunits may direct folding via
sequential release of different recognition motifs. Different colors highlight unique substrate bindingmotifs
for different TRiC subunits.To address this question and to obtain a
structural model for how TRiC binds its
substrates, Joachimiak and colleagues
used nuclear magnetic resonance (NMR)
and modeling to determine the sub-
strate-binding interface between the iso-
lated apical domain of the TRiC subunit,
CCT3, with the 54 residue HIV protein,
p6. Alanine substitutions on the sub-
strate-binding interface derived from this
structural model revealed that nonpolar,
polar, and charged residues contribute
to the substrate binding kinetics for
CCT3. Next, the authors explored
whether other TRiC subunits share the
same binding site. An extension of their
analysis to the apical domain of CCT1
and its substrate (the so-called box 1
from Hippel Lindau tumor suppressor
[VHL] [Spiess et al., 2006]) revealed that
this substrate binds CCT1 in precisely
the same region that CCT3 binds p6. In
a similar vein, chemical crosslinking-
mass spectrometry (XL-MS) was used to
show that the TRiC substrates, tubulin
and the HIV protein Gag, form multivalent
contacts with different TRiC subunits1252 Cell 159, December 4, 2014 ª2014 Else(CCT2, CCT6, and CCT7) using similar
substrate-chaperonin interfaces to those
identified for the isolated apical domains
of CCT3 and CCT1 using NMR. Interest-
ingly, the authors show how intrinsic flex-
ibility of the substrate-binding site allows
different substrates to bind in different
configurations to the same apical domain,
whereas the unique substrate-binding
motifs in the different TRiC subunits
enable different substrates that share no
sequence similarly to bind (Figure 1,
right-hand, lower). Asymmetric ATP bind-
ing to the TRiC ring (Reissmann et al.,
2012) provides an additional level of
complexity, which enables TRiC to
release different regions of a protein sub-
strate sequentially during its allosteric
cycle. Such a mechanism would allow
TRiC to orchestrate folding by controlled
release of different regions of the sub-
strate protein (which can then fold),
whereas other regions remain bound to
the TRiC ring. Together, the results reveal
fascinating new insights into how a single
chaperonin is not only able to fold an array
of different protein sequences but alsovier Inc.how the route of folding may be manipu-
lated by utilizing the different properties
of individual subunits within the chapero-
nin ring (Figure 1).
Although TRiC-substrate interactions
have come into clear focus through
these exciting studies, several questions
remain. To understand precisely how
TRiC promotes folding of its different sub-
strates, detailed structural information is
needed to provide direct evidence for
the appealing model proposed invoking
directed folding via controlled substrate
release by the chaperonin. Moreover,
how TRiC binding is able to steer
folding along productive routes and
how the chaperonin is able to ‘‘choose’’
the right folding path for its different
protein substrates remain a mystery. Dis-
covery of new classes of TRiC substrates
and further insights into ATP- and sub-
strate-induced allosteric conformational
changes within, and between, TRiC sub-
units for different TRiC substrates will be
needed to answer these questions. None-
theless, it is clear that nature has evolved
a clever machine in TRiC that enables a
single chaperonin to fold some of the
trickiest of protein folds.
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